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Controlling the electromechanical response of piezoelectric biological 
structures including tissues, peptides, and amino acids provides new 
applications for biocompatible, sustainable materials in electronics and 
medicine. Here, the piezoelectric effect is revealed in another class of biological 
materials, with robust longitudinal and shear piezoelectricity measured in 
single crystals of the transmembrane protein ba3 cytochrome c oxidase from 
Thermus thermophilus. The experimental findings from piezoresponse force 
microscopy are substantiated using a range of control measurements and 
molecular models. The observed longitudinal and shear piezoelectric responses 
of ≈2 and 8 pm V−1, respectively, are comparable to or exceed the performance 
of commonly used inorganic piezoelectric materials including quartz, 
aluminum nitride, and zinc oxide. This suggests that transmembrane proteins 
may provide, in addition to physiological energy transduction, technologically 
useful piezoelectric material derived entirely from nature. Membrane proteins 
could extend the range of rationally designed biopiezoelectric materials 
far beyond the minimalistic peptide motifs currently used in miniaturized 
energy harvesters, and the finding of robust piezoelectric response in a 
transmembrane protein also raises fundamental questions regarding the 
molecular evolution, activation, and role of regulatory proteins in the cellular 
nanomachinery, indicating that piezoelectricity might be important for 
fundamental physiological processes.
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1. Introduction
Piezoelectricity is the ability of non-cen-
trosymmetric crystalline materials to inter-
convert mechanical and electrical forms 
of energy. The property has been demon-
strated throughout the hierarchy of bio-
logical materials[1] from macro structures 
such as bone,[2] fibrous proteins,[3,4] and 
viruses,[5] down to polynucleotides,[6] pro-
teins,[7] and their constituent amino acid 
building blocks.[8–12] Transmembrane pro-
teins, vital for the function and survival of 
living cells, remained a missing link with 
well-known difficulties in crystallization[13] 
hampering their piezoelectric evaluation. 
Recent breakthroughs in the characteriza-
tion of so-called “mechanosensitive” ion 
channels[14–16] have led to the identifica-
tion of certain transmembrane proteins 
believed to be essential to mechanotrans-
duction pathways.[17–21] These proteins 
have been named Piezo1 and Piezo2,[22,23] 
yet the linear piezoelectric effect has not 
been demonstrated in these transmem-
brane proteins, nor in any transmembrane 
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protein thus far, which limits elucidation of their operating 
mechanisms and in particular, their gating mechanisms.[24]
The ba3-type cytochrome c oxidase, a member of the heme-
copper oxidase superfamily, is the terminal enzyme of the res-
piratory chain that catalyzes the reduction of O2 to H2O, pro-
ducing the transmembrane proton gradient that drives adenosine 
triphosphate synthesis essential for life on Earth. Thermus ther-
mophilus ba3 cytochrome c oxidase forms a bundle of 15 trans-
membrane helices (54 × 50 Å) containing haem b and active site 
CuB-haem a3 (Figure S1a, Supporting Information), and a small 
periplasmic domain harboring the CuA center (35 × 29 × 20 Å)[25] 
(Figure S1b, Supporting Information). Using piezoresponse 
force microscopy (PFM) substantiated by atomic-resolution 
computer models (Figure  1a), we demonstrate significant, 
robust piezoelectric response in ba3 cytochrome c oxidase crys-
tals (Figure 1b).
2. Quantifying the Piezoelectric Response of ba3 
Cytochrome c Oxidase Single Crystals
The high lateral resolution of PFM together with small probing 
forces permits quantification of the piezoelectric response of 
soft, fragile, and relatively small biomolecular single crystals.[26] 
In the case of ba3 cytochrome c oxidase transmembrane pro-
tein crystals, PFM simultaneously provides the topography 
(Figure  1d) and the out-of-plane (Figure  1e) and in-plane 
(Figure  1f) converse piezoelectric responses (see Experimental 
Section). The surface of the crystal is granular and shows clear 
steps, a result of nucleation and growth typical of protein crys-
tals.[27] For the out-of-plane image (Figure  1e), the contrast is 
proportional to the effective longitudinal piezoelectric coeffi-
cient, which we denote as L
effd . Likewise, for the in-plane image 
(Figure  1f), the contrast is proportional to the effective shear 
piezoelectric coefficient, denoted by S
effd .
Figure  2a is a representative plot showing the AC voltage 
dependence of the out-of-plane signal (blue) along with the in-
plane signal (green). Both demonstrate a strictly linear relation-
ship characteristic of a genuine piezoelectric response. Using 
thirty individual point measurements similar to those depicted 
in Figure 2a, the effective longitudinal piezoelectric coefficient 
was determined to be L
effd  = 2.03 ± 0.62 pm V−1, where the error 
bound represents one standard deviation either side of the mean. 
Likewise, thirty measurements were used to determine an effec-
tive shear piezoelectric coefficient of S
effd  = 8.14 ± 1.43 pm V−1. 
For reference, the comparatively tiny and non-linear signals for 
the same measurements on non-piezoelectric negative controls 
can be found in Figures S2–S4, Supporting Information. Details 
of the piezoactive positive control we use to benchmark our 
measurements can be found in Figure S5, Supporting Informa-
tion. In estimating L
effd  and S
effd , the thirty individual measure-
ments were taken across 3 different single crystals, with each 
crystal maintained in a fixed orientation during measurements. 
The measurements were conducted in an evenly spaced grid on 
the exposed crystal surface.
The magnitudes of effective piezoresponse measured here 
are comparable to the widely used piezoelectric materials 
quartz,[28] zinc oxide,[29] and aluminum nitride,[30] suggesting 
Figure 1. Piezoelectrical characterization of a transmembrane Protein. a) A workflow for high accuracy, high throughput screening, and characterization 
of piezoelectric proteins. Molecular modeling combined with statistical PFM allows efficient and unambiguous characterization of functional materials. 
b) ba3 cytochrome c oxidase crystal structure with eight protein units[25] projected in the crystallographic ac plane. Each protein unit is made of three 
independent subunits. The largest, subunit I, hosting the haem b and the oxygen binding site, is depicted in silver barrel-shaped ribbons. The subunit II, 
hosting a homobinuclear CuA electron accepting site in its cupredoxin beta-sheet domain (yellow), is anchored through the membrane by the trans-
membrane helix (purple). The smallest subunit IIa is a single alpha helix depicted in red. The transparent medium represents the encompassing crystal 
waters, and the green arrow shows the computed crystal dipole moment. c) Overlaid optical micrograph of a dried ba3 cytochrome c oxidase single 
crystal. d) AFM topography image obtained prior to PFM measurements showing the granular appearance of the dehydrated crystal. e) Out-of-plane 
and f) in-plane PFM signals of a 20 µm × 20 µm area on the surface of a ba3 cytochrome c oxidase crystal.
Adv. Funct. Mater. 2021, 2100884
www.afm-journal.dewww.advancedsciencenews.com
2100884 (3 of 8) © 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
that transmembrane protein crystals could represent a new 
class of technologically useful piezoelectric materials. In fact, 
the magnitude of the effective piezoelectricity measured here 
in the single crystal is astonishing given the large size of 
the integral membrane protein molecule (764 amino acids; 
Mr ≈ 85 kDa).[25] In such a system, mutual cancellation of the 
huge number of interacting dipoles would be expected to give 
a negligibly weak net supramolecular dipole and so insignifi-
cant piezoresponse, as evidenced by the hierarchical response 
in biomolecular systems such as collagen.[31] The magnitudes 
observed in this work suggest that the biological motifs that 
give proteins their secondary structure, the α-helix, and β-sheet, 
may be instrumental in endowing materials such as trans-
membrane proteins with piezoelectricity comparable to that of 
much smaller molecular crystals,[1] and even ionic crystals. This 
postulate, as we show in the following section, is supported by 
molecular modeling that shows that the measured piezoelectric 
coefficients are consistent with values predicted from the calcu-
lated polarity and stiffness of the crystallographic unit cell.
3. Modeling-Assisted Placement of Membrane 
Proteins in the Biopiezoelectric Hierarchy
Piezoelectric and elastic constants of ba3 cytochrome c oxidase 
were predicted using the classical CHARMM forcefield model 
for the protein, ions, and water with structures calculated using 
CP2K modeling software augmented with homemade subrou-
tines to impose crystal symmetry (full modeling details and ref-
erences are provided in Experimental Section and Supporting 
Information). The structures were modeled in the single crystal 
tetragonal P43212 space group symmetry and also in the lower 
monoclinic symmetry. The presence of the significant experi-
mental longitudinal piezoelectric response ( L
effd   ≈ 2  pm  V−1) 
suggests this transition to lower symmetry, consistent with 
the similar observation of macroscopic piezoelectricity in the 
globular protein lysozyme, which is thought to involve a lowering 
of symmetry[7] from the starting crystal symmetry of P43212 (con-
trol calculations on lysozyme are included in Supporting Infor-
mation). Possible reasons for the change of symmetry include 
crystal dehydration[32] and substrate clamping effects, both of 
which can occur in PFM experiments and have analogies in the 
partial submergence and restricted rotational and orientational 
freedom of transmembrane proteins in cell membranes in vivo.
Table S3, Supporting Information reports the results for 
ba3 cytochrome c oxidase crystals in the high tetragonal sym-
metry. The crystals exhibit mechanical compliance (small 
elastic constants) and moderate piezoelectric charge constants 
that together provide a modest piezoelectric strain response 
(1.6  pm  V−1). A relatively straightforward structural change 
that will alter the symmetry from tetragonal to monoclinic is 
a small variation of the crystallographic beta angle. We observe 
Figure 2. Quantifying the significant piezoresponse of ba3 cytochrome c oxidase. a) AC voltage dependence of the out-of-plane (blue) and in-plane 
(green) piezoresponse. The slopes of the blue and green lines in a) quantify the effective longitudinal and shear piezoelectric coefficients, respectively. 
b) Effective longitudinal dL and shear dS piezoelectric strain responses. In dark blue and green, the experimental dL and dS values are depicted with 
their error bars estimated from n = 30 measurements each, taken across three individual single crystals. In light blue and green, the amplitude of the 
largest response provided by the model is reported (values are taken from the tensor given in Figure 3a). c) Statistical distribution of the out-of-plane 
piezoresponse (n = 30), corresponding to the Leffd  coefficient, with a mean of 2.03 pm V−1, standard deviation of 0.62 pm V−1 and median of 2.01 pm V−1. 
d) Statistical distribution of the in-plane piezoresponse (n = 30), corresponding to Seffd , with a mean of 8.14 pm V−1, standard deviation of 1.43 pm V−1, 
and median of 7.92 pm V−1. Both distributions are approximately normal with the highest probability falling close to the center of the distribution and 
the probability dropping off significantly toward the tails.
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that slightly increasing the beta angle produces a full set of lon-
gitudinal, transverse, and shear piezoelectric components that 
were otherwise absent in the starting tetragonal structure due 
to symmetry restrictions (Figure  3a,b; for further discussion, 
see Supporting Information). Note that it has not yet proved 
possible to independently verify the proposed structural change 
in individual single crystals. Although this transition cannot 
be experimentally verified for ba3 cytochrome c oxidase, a con-
trol set of piezoelectricity calculations and experiments on the 
globular protein aldehyde dehydrogenase (ALDH), also from 
Thermus thermophilus, showed similar high correlation between 
modeling predictions and PFM measurements after a sym-
metry reduction from tetragonal to monoclinic. Full details of 
this control dataset are available in the Supporting Information.
Figure  2b shows the good agreement between the experi-
mental effective piezoelectric strain constants (dark blue and 
green) and the amplitude of the largest effective longitudinal 
and shear components provided by the model (light blue 
and green). Each individual ba3 cytochrome c oxidase protein 
exhibits a large permanent dipole moment (≈3000 D, Table S1, 
Supporting Information), but these protein dipoles completely 
cancel each other out in the 8-protein unit cell with the crystal 
dipole on the order of 100 D coming exclusively from water. 
The fact that water is exhibiting an overall dipole moment 
suggests that it is structured as a large amount of randomly 
distributed water molecules generate no residual total dipole 
moment. This structuration can only begin at the interface with 
the protein units. Indeed, proteins are characterized by surface 
residues capable of forming one or more H-bonds with water 
molecules, resulting in a first solvation layer. This then propa-
gates into a second and third solvation layer. As proteins hardly 
contribute to the crystal dipole moment in ba3 cytochrome c 
oxidase (Table  S1, Supporting Information), the structuration 
of water around the protein units is the most likely driving 
force behind the crystal dipole moments and its variation under 
strain, which results in the electromechanical response. Similar 
to recent discoveries of enhanced piezoelectricity in peptide 
crystals with ordered water layers,[33] resculpting the solute- 
templated water structure may be key to producing strong 
piezoelectricity in bio-assemblies (Figure 4).
4. Conclusion
The piezoelectric effect in transmembrane proteins is a fasci-
nating but until now unexplored research field. These enzymes 
are among nature’s oldest, most refined, and efficient nano-
machines, yet investigations into their physical properties 
in the solid-state were lacking. Here, we have demonstrated 
a robust piezoelectric effect in the transmembrane protein 
ba3 cytochrome c oxidase with extensively benchmarked and 
modeling-substantiated piezoelectric coefficients comparable 
in magnitude to those of widely used non-protein piezoelec-
tric materials. This first identification of piezoelectricity in a 
transmembrane protein fills one of the last remaining gaps in 
the hierarchy of biological piezoelectric materials from amino 
acids to tissue (Figure  4). A strong shear effective piezoelec-
tric response of 8  pm  V−1 together with a minor contribution 
of 2  pm  V−1 from the longitudinal mode suggests that trans-
membrane proteins may provide, in addition to physiological 
energy transduction, technologically useful piezoelectric mate-
rial derived entirely from nature. While this work represents 
the first report of piezoelectricity in a transmembrane protein, 
materials engineering must first be advanced to a point that will 
allow crystals of this type to be incorporated into technical appli-
cations. After these advances, the potential of bio-compatible, 
semi-conducting piezoelectric material would be enormous (as 
further discussed in Section S5, Supporting Information).
Understanding protein piezoelectricity from first princi-
ples could provide disruptive advances in the rational design 
of biocompatible, high-performance piezoelectric devices that 
make use of biodegradable, bio-inspired materials. Due to 
their intrinsic chirality and large molecular dipole, all proteins 
should demonstrate piezoelectricity to some degree whether 
Figure 3. Symmetry lowering reveals an enhanced piezoelectric effect in ba3 cytochrome c oxidase. a) Calculated piezoelectric strain tensor of ba3 
cytochrome c oxidase after symmetry reduction from tetragonal to monoclinic. The high longitudinal and shear coefficients are highlighted in blue and 
green, respectively. Full details of the calculated properties are given in Table S5, Supporting Information. b) ba3 cytochrome c oxidase crystal structure 
with eight protein units projected in the crystallographic ab plane, showing the enhanced shear piezoelectric effect (green arrows) and longitudinal 
piezoelectric effect (blue arrows).
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solvated as single units or bound in water-mediated complexes 
to other proteins, molecules, and biological surfaces in vivo. 
This motivates further investigation into the role this solid-state 
physical property could play in important biological activities 
such as catalysis, ion transport, and mechanotransduction as 
well as the potential use of piezoelectric proteins as biocompat-
ible and therapeutic materials for tissue engineering and regen-
erative medicine.
5. Experimental Section
Crystal Growth: Crystals of ba3 cytochrome c oxidase were obtained 
using reported protocols.[25] Briefly, crystals were grown using the 
sitting drop vapor diffusion method. Drops consisting of 3 µL of protein 
(10 mg mL−1) and 1.25 µL of the crystallization solution (20 mm Bis-Tris, 
14% PEG 2000, pH 7.0) were allowed to equilibrate against 500  µL of 
the reservoir solution at 20 °C. Crystals appeared after 2 days. Suitable 
protein crystals were picked from the drop using a Molecular Dimension 
MicroMesh loop and deposited on indium tin oxide coated glass slides 
for PFM measurements.
Optical Microscopy: Optical images were taken using an Olympus 
BX51 Light Microscope connected to an Olympus SC50 Digital Camera.
Piezoelectric Characterization: PFM was used to detect, image, and 
quantify local piezoelectricity on the nanoscale. PFM was based on the 
detection of the local mechanical response of the sample material as 
a result of an applied electric field, due to the converse piezoelectric 
effect. For PFM characterization of transmembrane protein crystals, 
a commercial AFM (Ntegra Spectra, NT-MDT) was used with doped 
diamond probes. An AC bias of up to 40 V was applied to stiff probes 
with spring constants of up to 85 N m−1, to mitigate any unwanted 
electrostatic interactions including surface charge effects at the protein 
Figure 4. Membrane proteins fill one of the last remaining gaps in the hierarchy of piezoelectric biological materials. The chart maps the hierarchy 
of piezoelectric biological materials, from basic building blocks such as amino acids and nucleotides to tissues such as bone and tendon. Until now, 
membrane proteins remained one of the last nanoscale biological structural units with unconfirmed piezoelectric properties. Nucleotides and biological 
cells have not yet been confirmed to display a solid-state piezoelectric effect.
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crystal surface.[34,35] The tested crystals remained stable under the 
application of such a high voltage and were not damaged by scanning 
with stiff probes. The system was operated in contact mode, with the AC 
voltage applied between the conductive probe and grounded sample at a 
frequency of 21 kHz. This frequency was well below the contact resonance 
of the tip-sample system, preventing any unwanted amplification of the 
signal or topographic crosstalk. Vertical PFM, corresponding to an out-
of-plane or longitudinal electromechanical response, and lateral PFM, 
corresponding to an in-plane or shear electromechanical response, were 
acquired simultaneously along with topographical information.
In order to estimate values for the effective piezoelectric coefficients 
of ba3 cytochrome c oxidase, 60 individual point measurements of 
the AC voltage dependent piezoresponse were performed across 
the surfaces of three individual single crystals. Effective longitudinal 
and shear piezoelectric constants were determined from these point 
measurements. The piezoresponse as measured by the photodetector 
was converted to units of picometers (pm) by determining the inverse 
optical sensitivity (IOS) of the cantilevers used to obtain the point 
measurements (see Supporting Information). The vertical IOS can 
be calculated from the slope of a force-distance curve measured on a 
hard substrate prior to measurement. The lateral sensitivity can be 
determined using a simple geometrical relationship[36] between the 
length of the cantilever, L, the height of the tip, h, and the ratio of the 









Statistical analysis of data distributions and generation of statistical 
fittings was carried out using the MATLAB distribution fitter app. Thirty 
individual point measurements of piezoresponse were recorded for 
the out-of-plane signal and thirty for the in-plane signal to generate 
statistical distributions of piezoresponse across three individual 
single crystals of ba3 cytochrome c oxidase. Figure 2c shows the data 
collected for the out-of-plane signal and Figure 2d shows the in-plane 
signal.
Molecular Modeling: All simulations were performed using 
CP2K[37] with the CHARMM[38] force field for protein, waters and 
ions supplemented with literature quantum mechanically-derived 
parameters[39] for Cu-haem interactions in ba3 cytochrome c oxidase. 
Long-range electrostatic interactions were treated with the smooth 
particle mesh Ewald and van der Waals interactions were truncated at 
a cut-off of 1.2 nm. A homemade subroutine was used to preserve the 
crystal symmetry during geometry optimization.
Lysozyme and ba3 cytochrome c oxidase starting structures were 
taken from PDB crystal structures 4WLD[40] and 1EHK,[25] respectively. 
Only the protein units, structural water molecules, and ions were 
included in the model and any co-crystallized surfactants or lipids 
were discarded. Both crystals contain eight protein units due to the 
symmetry of their common space group (P43212). The remaining space 
in the simulation cell was filled with water molecules and any formal 
charge neutralized with the same ions used during the crystallization 
experiments. As described in Supporting Information, a final control 
combined simulation/PFM dataset was generated by measuring the 
globular protein ALDH, also from Thermus thermophilus, which showed 
similar high correlation between modeling predictions and PFM 
measurements.
Piezoelectric and elastic constants were obtained following 
Vanderbilt’s work on the systematic treatment of perturbations[41] 
and on the modern theory of polarization.[42–44] Hence, three types of 
perturbations were considered: atomic displacements um, homogeneous 
strain ηj where j = {1, …, 6} in Voigt notation, and homogeneous electric 
field εα with α = {x, y, z}. The first order response gives the forces Fm, the 
stresses σj, and the polarisations Pα. The second-order derivatives give 
six major tensors, three diagonal: force constants Kmn, elastic constants 
Cij, dielectric susceptibility Xαβ, and three off-diagonal: internal strains 
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χ αβ , ijC , jeα  are the frozen-ion (clamped-ion) tensors. However, the 
response needed to consider the relaxation of the atomic coordinates. 
This can be achieved in two different ways. One option was to generate 
the clamp-ion tensors using the three remaining tensors.













Z K= + Λα α α −  (8)
The second route was to extract the properties after relaxing the 
atomic positions under the perturbation. The first approach was 
generally used for systems with a small number of atoms, as the 
Hessian matrix expressed as K  was computationally expensive to obtain, 
and it was singular and 1K −  was actually the pseudo-inverse. For protein 
crystals, relaxing the atomic positions was the only feasible approach 
and so this method was used in the present work. It was also possible to 
avoid the double derivation and obtain the piezoelectric and the elastic 






















∂ η  (11)
Besides the relaxed-ion piezoelectric constants, Equations (10) and (11) 
were also used to estimate the clamped-ion component of Equation (8).
Equation (10) provides the so-called improper piezoelectric response, 
as the polarisation was not uniquely defined but was branch-dependent. 
To address this issue, one should use the Berry phase (ϕ) directly, rather 
than the polarisation (P), though the latter was obtained via the former. 










∑ π ϕ= =  (12)




i i∑ϕ =  (13)
The Berry phase is defined modulo 2π, so to account for this, it is 
actually obtained via:
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Straining the unit cell may present some challenges depending on 
whether or not the unit cell is symmetric. The linear strain ( )η  is defined as
1
2
tη ε ε( )= +  (16)
H H I ε( )′ = +  (17)
The strain and linear strain are equal in a symmetric unit cell, but 
not in an asymmetric cell. Furthermore, following Voigt notation, shear 
strains are defined as:
4,5,6 ij jiη η η= +  (18)
For a symmetric unit, this implied that the strain value of the off-
diagonal term should be half of the value used for diagonal one. In case 
of an asymmetric unit cell, like used in CP2K, the strain applied on the 
diagonal and off-diagonal terms was the same.
Supporting Information
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from the author.
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